A theory about how changes in the illuminant affect the color appearance of objects must specify how the visual system's adjustments to illuminant changes vary with the surface collection in a scene. I report an experiment designed to investigate this issue. The stimuli were CRT simulations of flat matte surfaces rendered under diffuse illumination. For all combinations of 7 daylight illuminants and 12 collections of surface reflectances the subject's achromatic locus was measured on an isoluminant plane in color space. For any surface collection the changes in the achromatic locus could be well approximated by a linear transformation of the illuminant changes. These linear transformations showed relatively small variation with the surface collection. To first approximation, these results suggest that the effect of changes in the illuminant on color appearance can be described linearly and that it can be separated from the surface collection. There was an effect of the surface collection on the achromatic locus. The data rejected the idea that a surface collection's mean reflectance function might capture this effect, ruling out models of color appearance that are based on this kind of averaging assumption.
INTRODUCTION
The light that is reflected from an illuminated object is the wavelength-by-wavelength product of illuminant and the object's surface reflectance function. Through this relationship, changes in the illuminant can have a large effect on the reflected light. In fact, the spectral power distribution of natural illuminants shows strong variation both within a day and across days, 3 thus leading to considerable changes in the reflected light's spectral composition. Despite this variation in the light that reaches our eyes the color appearance of objects varies only moderately with changes in the illuminant. This compensating behavior of our visual system, often referred to as color constancy, has been subject to many experimental studies examining how color appearance depends on the illuminant. 4Ù sually, the visual system's compensation for illuminant changes is examined as a function of changes in the illuminant, ignoring the possible role of a scene's surface collection in this process. A priori, however, our system's compensation for illuminant changes may also depend on the surface reflectances in a scene. The way that illuminant changes affect an object's color appearance may therefore vary with the underlying surface collection. The present study addresses this issue. It reports the results from a set of experiments designed to study how the illuminant-induced changes in an object's color appearance vary with the surface collection in a scene. The stimuli were CRT simulations of flat objects rendered under diffuse illumination. For several combinations of illuminant and surface collection the subject's achromatic locus was measured on an isoluminant plane in color space. These measurements were used to quantify appearance changes.
Measuring the achromatic locus under the different viewing contexts establishes equivalent chromatic appearances across contexts. Variations in a subject's locus as a function of changes in the viewing context therefore reflect adjustments of the visual system in response to the context changes. In this sense these loci provide empirical measurements for a theory of color appearance that describes how the visual system adjusts to context changes. While the achromatic locus represents only a first test object for studying the role of viewing context, this kind of measurement permits us to avoid the use of more complex experimental tasks such as memory matching. 7 ' 9 " 0 In terms of Hering's opponent-colors theory the achromatic locus equals a color that appears neither reddish nor greenish and neither yellowish nor bluish."", 2 When using these absolute perceptual criteria, subjects are able to set the chromatic appearance of a test object reliably,3 18 and, as a result, no prior learning of the object's appearance is necessary.
The achromatic objects measured in the present study varied as a function of changes in the illuminant and of changes in the surface collection, thus reflecting adjustments of the visual system to both variables. In order to avoid the direct measurement of the effect of these variables for every combination of illuminant and surface collection, one must identify some theoretical principles to describe how the visual system's adjustments vary with illuminant and surface collection. Two kinds of principle are necessary. First a theory of color appearance must specify the functional form of the transformations that relate the observed changes in the objects, on the one hand, and changes in illuminant, or surface collection, on the other hand. ' 9 Second, because a priori the effects of the two variables on color appearance may interact with each other, a theory of color appearance must specify how the transformation that describes the effect of illuminant changes varies with the surface collection and how the transformation that describes the effect of changes in the surface collection varies with the illuminant. Only in the most simple case, in which the changes in color appearance that are induced by illuminant changes do not vary with the surface collection and those induced by changes in the surface collection do not vary with the illuminant, does this need of specification become redundant, thus providing a powerful invariance principle in a theory of color appearance.
I started out by examining the data for regularities in the functional form of the mapping between changes in the illuminant and the observed changes in the achromatic object. For any surface collection I found this mapping to be well approximated by a linear transformation. In this sense the data are consistent with Brainard and Wandell's 7 results concerning illuminant change linearity. I went on to examine to what extent these linear transformations varied with the surface collection in a scene. I found relatively small dependency of the linear transformations on the surface collection. To first approximation, these results suggest that the effect of changes in the illuminant on an object's color appearance can be described linearly and that it can be separated from the surface collection. Finally, I examined whether the effect of the surface collection might be captured by a surface collection's mean reflectance function. The data rejected this idea.
METHOD
The methods used in this study were similar to those used by Brainard and Wandell. 7 The visual stimuli were presented on a CRT monitor. The stimulus was a simulation of an array of flat matte objects rendered under spatially uniform illumination and a test object. This array of illuminated objects represented one of the simulated illuminants and one of the simulated surface collections. All the surface collections consisted of 24 surface reflectances. The stimulus was presented against a large dark background that consisted of two different surface ref lectances rendered under the same illuminant as the surface collection. The subjects pressed buttons to adjust the appearance of the test object until it appeared achromatic to him or her. Both the simulated illuminant and the simulated surface collection were fixed during an adjustment process. However, during this process the local positions of a quarter of the stimuli were changed every second, including the test object. This design was chosen to minimize local effects like local adaptation or simultaneous contrast 8 and to isolate the effect of changing the illuminant from other variables. The randomization was also intended to prevent subjects from using the appearance of a fixed surface as a reference to identify changes in the simulated illuminant. 2 0 A. Visual Display Figure 1 shows the visual display. It consisted of 25 small foreground regions against a large partitioned background region. The foreground regions consisted of 24 rectangular regions (simulation of illuminated surfaces) and one oval region (test object). The background region consisted of three large rectangular regions. The foreground regions subtended 2.6 vertical by 2.1 horizontal degrees of visual angle, and they were separated by 0.3 vertical and 0.2 horizontal degrees. The whole background region sub- The simulated images were displayed on a computercontrolled color monitor (BARCO Calibrator), using a refresh rate of 60 Hz in noninterlaced video mode. The three channels of the monitor were controlled by an 8-bit digital-to-analog converter. The signals of the color channels could be varied in 256 steps from zero to maximal intensity of each pixel. There was a software control of the monitor's input signal correcting local variations of the monitor's energy output and nonlinearities in the tube's response function. The luminance of each color channel was measured with a high-precision photometer (Fa. Lichtmesstechnik, Model L1003). The CIE xy coordinates of the phosphors were provided by the manufacturer.
To simulate a given surface under a given illuminant, the surface reflectance function and the illuminant spectral power function were multiplied. This product is the spectral power distribution of the reflected light. The CIE XYZ tristimulus coordinates of this reflected light were computed, and the values in the monitor frame buffer were appropriately set. The simulation computations were performed prior to the experimental sessions.
B. Illuminants I used seven experimental illuminants (Fig. 2) , which I selected from the CIE daylight locus. 2 ' They were typical for natural daylight. All the experimental illuminants were constructed from the three-dimensional linear model of natural daylight proposed by Judd et al. 3 In fact, the spectra of natural illuminants can be well approximated by an appropriate linear combination of three basis functions that represent the calculated mean spectral distribution and the first two characteristic functions of a large number of measured daylight distributions. The experi- Fig. 2 ). All the surface collections consisted of 24 different surface reflectances, except for collections R 7 , R 9 , and R 12 , which consisted of 13 or 14 different surfaces.
mental illuminants shared a constant coordinate with respect to the model's first basis function and varied in the coordinates for the second and third basis functions. The spectral properties of the illuminants are provided in Appendix A.
C. Surface Collections
Twelve experimental collections of surface reflectances were constructed, each consisting of twenty-four surface reflectances. All the surface reflectances were approximations of Munsell chips. It is well known that the spectra of Munsell chips can be well approximated by appropriate linear combination of six basis surface reflectance functions. 22 23 Moreover, when human photoreceptors are taken into account, the first three or four basis functions of the linear model are already sufficient to fit the chips' reflectances closely. 23 I approximated the chips' reflectance functions with a three-dimensional linear model, where the three basis functions represent the first three principal components of the entire data set of Kelly et al. 24 Figure 3 shows the gamut of all surfaces from all 12 surface collections when they are rendered under experi- mental illuminant D 4 (compare with Fig. 2) . Rendered under this illuminant, the collections R 1 -R 6 spanned the whole gamut of hues and differed only with respect to their surfaces' saturation level(s). The collections R 7 -R 1 2 , instead, constituted only a more or less small region of the hue gamut when they were rendered under this illuminant and were roughly constant with respect to their surfaces' saturation. The mean reflectance functions of the surface collections R 1 -R 6 were close to spectrally flat reflectance functions and were approximately identical across collections. The mean reflectance functions of the collections R 7 -R 1 2 spanned a considerable range, from a mean reflectance function for which mainly light from the longwavelength part of the spectrum is reflected (R 7 ) to a mean reflectance function for which mainly light from the short-wavelength part is reflected (R 12 ). Appendix A provides the spectral properties of the surface collections' mean reflectance functions. When they were rendered under the simulated illuminants, the luminance of the individual illuminated surfaces was roughly constant (50 cd/M 2 ), both within and across surface collections. The range of variation was approximately 7% in each direction of the luminance scale.
D. Background Surface Collections
For all the simulated collections of surface reflectances the same background surfaces were used. These surfaces were again three-dimensional approximations of Munsell chips. Eight pairs of dark surfaces were used, for which a pair's two surfaces approximated a flat mean reflectance function when they were spectrally superimposed. From this pool of surfaces two distinct surfaces were randomly drawn each second, one surface for both the left-hand and right-hand parts of the background region and the other surface for the middle part of the background region (compare with Fig. 1 ). This design was chosen to prevent subjects from using the appearance of a fixed background as a reference to identify changes in the simulated illuminant. When they were rendered under one of the experimental illuminants, the luminances of these surfaces were approximately 2 cd/M 2 .
E. Subjects Two subjects took part in this study. They had normal color vision. They were partly informed of the goals of the experiment.
E Procedure
In each experimental session three combinations of surface collection and illuminant were presented to a subject. For each combination a subject made four settings during a session. Each combination of surface collection and illuminant was presented in two sessions to a subject, resulting in 8 settings for each of the 84 combinations (12 surface collections x 7 illuminants). A subject began an experimental session with 5 min of dark adaptation. Then a collection of simulated surfaces rendered under a simulated illuminant was presented to the subject. The test object was not yet visible. After 4 min of adaptation to these illuminated surfaces the test object appeared, and the subjects made four settings for this condition, readapting between the settings for 30 s. After these four settings the next combination of surface collection and illuminant was presented. Exactly the same procedure was used as that for the first combination. The subjects made adjustments by pressing the buttons of a mouse. They were instructed to adjust a test object that appeared neither reddish nor greenish and neither yellowish nor bluish, i.e., achromatic to them. In dependency of these button presses they moved the test object on an isoluminant plane in color space of approximately 50 cd/M 2 . Each adjustment that a subject made was recorded in CIE XYZ coordinates.
G. Data Analysis I report tests of linear models, that is, models of the form t = Qc, where c is a vector representing a change in the viewing context (either a change in the linear coordinates of the simulated illuminants or a change in the linear coordinates of the simulated surface collection's mean reflectance functions), t is a vector representing the difference between the subjects' settings under two different viewing contexts, and Q is a matrix that maps c into t. For each model transformation Q I require an error measure to choose a best-fitting transformation. I evaluate the size of difference between observed and predicted settings relative to an estimate of the objects' covariances.
For each achromatic object there are eight repeated measurements adjusted by a subject. Based on these replications I estimate for each object i its covariance matrix Ai. I minimize the differences between the observed and predicted settings by minimizing the error measure I e,!j Ai-'ei;, ij where eij denotes the difference between the observed and predicted settings for object i under replication j. This error measure is equivalent to transforming the model deviations into a coordinate frame in which the errors from the three coordinates are independent and have unit variance and to measuring the Euclidean distance in that frame. I used the iterative search procedure PRAXIS 25 to perform the error minimizations.
In the present context the use of this error measure includes the statistical problem that, in general, eight replications will not provide a very exact estimation of a covariance. I also evaluated the models by using other error measures. Specifically, I minimized the differences between the observed and predicted settings by using one single global covariance matrix estimated for all the objects simultaneously and by using the CIE LUV metric space." The conclusions drawn about the quality of the models did not depend on the choice of error measure. Figure 4 shows the effect of illuminant changes on the two subjects' achromatic locus. The effect is shown for all 12 experimental surface collections using CIE xy chromaticity coordinates. Each plot also shows the mean xy coordinates of the seven achromatic loci adjusted by the two subjects under the seven illuminants. In general, the two subjects' data show a regular pattern in that, loosely speaking, their achromatic points shift from more bluish locations in the diagram to more yellowish locations as the illuminant changes from bluish to yellowish locations. This pattern holds for both subjects, although their measurements in absolute coordinates differ remarkably. This effect of changes in illuminant demonstrates the well-known tendency of the human visual system to color-constant performance for the present experimental paradigm.
RESULTS
The figure also reveals an effect of the surface collection on the achromatic locus. The locations of the achromatic points observed under the single surface collections vary considerably as a function of surface collection. This effect shows up, in particular, for pairs of surface collections with major differences in their mean reflectance functions, while for pairs of surface collections with approximately identical mean reflectance functions (Rl-R 6 ) the variation appears fairly small. As a result, there is an effect of both illuminant and surface collection on the achromatic locus.
A. Illuminant Changes I held one of the illuminants (D 4 ) fixed. I refer to it as the standard illuminant in the following. Under each of the 12 experimental surface collections I also held the mean test object fixed, which the subject adjusted as achromatic under the standard illuminant. For each surface collection I refer to it as the standard object in the following. Illuminants were represented by the degree to which their coordinates differed from those of the standard illuminant; as coordinates I used the illuminant weights with respect to the three basis functions of the Judd et al. 3 model (see Table 2 in Appendix A, below). These differences are called illuminant changes. Test objects were represented by the degree to which their XYZ coordinates differed from the XYZ coordinates of the respective standard object. These differences are called changes in the test objects. Because the test objects were equiluminant (see Section 2), they differed only in their X and Z coordinates, sharing a constant Y coordinate (see Section 1). As a result, I describe the test objects as two-dimensional vectors in the following. cases I used the objects' covariance matrices for the analysis (see Section 2). Figure 5 shows the results. The first and sixth bars of each figure reveal the effect of illuminant changes on color appearance in the present experiment. Changing the illuminant had a considerable effect on the test objects, demonstrating the visual system's adjustments to illuminant changes. The second and third bars show the quality of fit of the (weak) affine linear and the (weak) linear model, respectively, predicting the changes in the test obAtij = Mi Adj.
Because the 12 matrices
Because both the 12 matrices Mj and the 12 vectors nj are free to vary as a function of surface collection, this affine linear model requires 72 (12 X 6) parameters to predict the 144 measured coordinates.
Were the visual system's adjustments to illuminant changes linear and not varying with the surface collection, the 12 matrices Mj fitted for the 12 surface collections should not differ reliably from one another; i.e., the restriction 6 should hold. As a result, the data should be equally well describable by just one 2 x 2 matrix M that transformed the illuminant changes into the test object changes simultaneously for all the surface collections. This more restrictive linear model requires only four parameters to predict the 144 measured coordinates. Similarly, were the visual system's adjustments to illuminant changes affine linear and not varying with the surface collection, both the 12 matrices Mj and the 12 vectors nj fitted for the 12 surface collections should not differ reliably from one another; i.e., the restrictions should hold. This more restrictive affine linear model requires six parameters to predict the measured coordinates.
The fit of the models was compared with the subjects' precision and a no-model prediction representing the effect to be explained. I evaluated the fit of the models by using the differences between observed and predicted test objects as error measures. To evaluate the subjects' precision, I used as error measures the variation of the repeated settings. Finally, to evaluate the size of the effect, I used the differences of the single settings from the respective standard objects as error measures. In all these jects by means of 12 individual affine linear and linear transformations, respectively. The errors resulting from the models' predictions were close to the subjects' precision, reflecting a good fit to the data. The fourth and fifth bars show the quality of fit of the (strong) affine linear and the (strong) linear model, respectively, predicting the changes in the test objects by means of only one affine linear and linear transformation, respectively. A comparison of quality of fit between the two models' weak and strong forms shows to what extent the description of the data deteriorates when the same transformation for all the surface collections is used instead of the 12 individual transformations that are permitted to vary with the surface collection. The models' weak and strong forms are nested, and thus the respective strong form fits the data worse than the respective weak form. The deterioration in fit, however, was fairly moderate. A comparison of quality of fit between the affine linear and the linear model reveals to what extent the fit to data improves when one allows for an additional affine term in the linear transformation. Because the affine linear and the linear models are nested, the affine linear model fits the data better. The fit to data, however, did not improve in a substantial way. As a result, the affine linear and the linear models compare well in their quality of fit, with only moderate differences between the models' weak and strong forms. 2 7 For each of the 12 surface collections Fig. 6 compares the observed mean changes in the test objects with the predictions of these changes for the two linear models. The two subjects' data are merged. If linearity held perfectly, all 24 coordinate points for each surface collection (6 illuminant changes x 2 color coordinates X 2 subjects) would fall on a diagonal line. The weak linear model fits the data well. The strong linear model is worse, though it still fits the data in a reasonable way. This pattern of results reflects the conclusions already drawn from Fig. 5 . Figure 4 showed an effect of a given surface collection on the achromatic locus. A theoretically attractive way to account for these variations is the idea of capturing the effect of surface collection by the collections' mean ref lectance functions. This idea assumes a well-defined function that maps changes in the mean reflectance function into changes in the test objects. The empirical condition for this assumption to hold is that surface collections with an equal mean reflectance function induce equal test objects when the collections are rendered under the same illuminant.
B. Changes in the Surface Collection
The present experiment permits one to examine the empirical soundness of this condition in some detail. For each of the seven experimental illuminants I examined to what extent the approximately identical mean reflectance functions of the six surface collections R 1 -R 6 resulted in the same locations for the achromatic points. For one of the two subjects (MP) Fig. 7 shows for each of the seven illuminants the mean xy locations of the achromatic points observed under these six collections, together with their 95% uncertainty ellipsoids. The computation of the ellipsoids is based on the assumption that repeated measurements distribute normally about a center. 21 28 The achromatic points show some variation as a function of surface collection. I used a multivariate extension of the F-ratio test in simple analysis of variance 2 30 to test the significance in the differences among the six achromatic points. Table 1 shows the F values and the corresponding p values for the two subjects. For subject MP, for four of the seven illuminants the achromatic points differ reliably. For subject AH, for six of the seven experimental illuminants the achromatic points differ reliably from one another. In all these cases the six surface collections did not induce the same test objects, contrary to the idea that the mean reflectance function might capture the effect of surface collection on color appearance.
The assumption that the effect of surface collection can be completely captured by the collections' mean reflectance functions is highly restrictive in nature and correspondingly quite easy to reject statistically. Although it is at best a simplification, this assumption might nonetheless be useful for practical purposes. To address this point, I examined to what extent the changes in color appearance that are induced by changes in the surface collections can be approximated by a linear or affine linear function of changes in the collections' mean reflectance functions.
I held the mean reflectance function of surface collection R, fixed. I refer to it as the standard mean reflectance function in the following. Under each of the seven experimental illuminants the mean test object that the subject adjusted as achromatic under surface collection R, was also held fixed. For each illuminant it is referred to as the standard object in the following. 'This table shows for each of the seven experimental illuminants the results from F tests conducted to test whether the CIE xy locations of the mean test objects are identical to the precision specified by the sample ellipsoids. The sample ellipsoids examined were estimated from the test objects adjusted under the surface collections RI-R 6 (see Section 3). Asterisks denote significant values.
coordinates I used the reflectance functions' weights with respect to the three basis functions of the data of Kelly et al. 24 (see Table 3 in Appendix A, below). These differences are called changes in the mean reflectance function. Test surfaces were represented by the extent to which their XYZ coordinates differed from those of the respective standard objects. These differences are called changes in the test objects.
I analyzed to what extent changes in the mean reflectance functions, on the one hand, and the collectioninduced changes in the test objects, on the other hand, could be related by a linear or affine linear transformation. I refer to these properties as reflectance change linearity or affine reflectance change linearity, respectively, in the following. I represent the mean reflectance functions of the collections Rj by vectors rj and represent the achromatic locus adjusted under collection Rj and illuminant Di by t (j = 1, ... ,12; i = 1,... , 7). Reflectance change linearity then assumes that there exists a 2 3 matrix Pi for each of the seven illuminants Di that transforms the changes in the mean reflectance functions Arj (=rj -r) into the test object changes Atji (=tji -ti):
Because the seven matrices Pi are free to vary as a function of illuminant, this linear model requires 42 (7 6) parameters for prediction of the 154 (11 X 7 X 2) measured coordinates. Recall that the standard objects of the single illuminants were held fixed and thus were not subject to prediction. Affine reflectance change linearity assumes that, for each of the seven illuminants Di, there exist a 2 X 3 matrix Pi and a 2 X 1 vector qi that transform the changes in the mean reflectance functions Arj into the test object changes Atji: At~i = PArj + qi.
Because the seven matrices Pi and the seven vectors qi are free to vary as a function of illuminant, this affine linear model requires 56 (7 x 8) parameters to predict the 154 measured coordinates. The fitting was done in an analogous way to that in Subsection 3.A for illuminant changes. Figure 8 shows the results. As a comparison of the first and sixth bars in each figure shows, changes in the surface collection had a considerable effect on the observed test objects, demonstrating the visual system's adjustments to changes in the surface collection. The second and third bars show the quality of fit of the (weak) affine linear and the (weak) linear model, respectively, predicting the changes in the test objects by means of seven affine linear and linear transformations, respectively, that are permitted to vary with the illuminant. Both models led to rather poor predictions of the test objects. The fourth and fifth bars show the quality of fit of the (strong) affine linear and the (strong) linear model, respectively, predicting the changes in the test objects by means of only one affine linear and linear transformation, respectively, that does not depend on the illuminant. Again, the two models' weak and strong forms are nested, as are the affine Karl-Heinz Baumil linear and the linear models. Thus the affine linear model leads to better predictions than those of the linear model, and the two models' strong forms leads to worse predictions than their weak forms. The fit to data, however, did not improve in a substantial way when the more general affine linear transformations were used. Also, the deterioration in fit with the models' respective strong forms was fairly small and thus reflects the fairly small interplay of illuminant and surface collection already found in Subsection 3.A for illuminant changes. As a re-
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.X < sult, there is not much benefit in using the mean reflectance function to predict the collection-induced changes in color appearance, either by means of a linear transformation or by means of a more general affine linear transformation.
DISCUSSION
A. Illuminant Changes
For any collection of surface reflectances, illuminant changes induced changes in the achromatic object that could be well approximated by a linear transformation. Brainard and Wandell 7 called this regularity an illuminant change linearity. They found strong evidence for it in an experimental paradigm similar to the present one, using a large collection of different surfaces with a yellowish mean reflectance function. The present study generalizes their results to surface collections with a much smaller number of different surfaces and with quite different mean reflectance functions. The present study also extends the range of illuminant changes used by Brainard and Wandell. While these investigators used variations in the coordinates of the first and second basis functions of the three-dimensional model of Judd et al., 3 I used variations in the coordinates of the model's second and third basis functions. Taken together, these results suggest that over a wide range of surface collections the effect of illuminant changes on color appearance can be described in a linear way. A comparison of quality of fit of the linear rule with quality of fit of the affine linear rule confirmed this suggestion. The description of the present data did not improve in a substantial way when the more general model was used.
Illuminant change linearity is a considerable theoretical simplification. It implies two restrictive principles, homogeneity and additivity. Homogeneity means that changes in the test objects are proportional to changes in the illuminant. Additivity means that the change in the test object induced by the sum of two illuminants is simply the sum of the changes induced by the two illuminants separately. These two principles gain special practical significance because of another regularity. As Judd et al. showed, daylight can be well approximated by a smalldimensional linear model. Thus, in effect, one must measure an object's change in color appearance only for a fairly small number of illuminant changes. Based on these measurements, linearity then provides a simple rule to predict an object's change in color appearance for all linear combinations of these illuminant changes.
The linear transformations describing the effect of illuminant changes on color appearance showed relatively small dependency on a given surface collection. This result means that knowing the effect of illuminant changes for one surface collection led to reasonable predictions on this effect for the other surface collections. In this sense the data are roughly consistent with the view that the changes in an object's color appearance that are induced by changes in illumination do not vary with the collection of surface reflectances in a scene. Even if it is only an approximation, this view constitutes a simple and useful first-order model to describe the interplay between the effect of illuminant and the effect of surface collection in color appearance.
The extent to which the independence of the illuminant effect from a scene's surface collection holds may be a function of several features in a set of surface collections. The present experiment suggests that at least two features are not a major source for dependency: variation with respect to the hue gamut spanned by the surface collections and variation with respect to the saturation of the collections' reflectance functions (see Section 2). In fact, variation in these two factors induced considerable effects in the subjects' settings without showing a major interaction with the illuminant effect. The same may not be true for surface collections that vary largely with respect to their surface lightness. The collections used in the present study hardly varied with respect to this feature.
B. Changes in the Surface Collection
Changes in the surface collection induced changes in the achromatic object. At first this effect showed some rough correlation with changes in the collections' mean reflectance functions. More detailed analyses, however, revealed that the mean reflectance function could not capture the effect of surface collection: equal mean reflectance functions, when they were rendered under the same illuminant, did not induce the same achromatic object. This finding rejects the idea of a well-defined function that transforms changes in the mean reflectance function into changes in an object's color appearance to account for the effect of surface collection. As a result, it challenges models of color appearance that use simple mean assumptions to account for changes in the surface collection. This holds true both within a theoretical framework in which the image intensities are separated into illuminant and surface collection and within the theoretical framework of image intensities confounding illuminant and surface collection. Concerning the latter theoretical framework, this result is consistent with a recent finding by Fuchs. 3 ' Using two combinations of illuminant and surface collection that shared the same average image intensities, she found objects' color appearance to be different for the two combinations. A priori, however, this finding might have resulted because of differently strong, separate effects of changes in the illuminant and of changes in the surface collection, thus not ruling out the mean assumption for a framework that separates the image intensities into their illuminant and surface collection components.
The effect of surface collection shown in the present experiment might have at least two sources. First, it might have been driven by local effects of nearby surfaces. Local effects, often called simultaneous contast, are well known in the literature. 8 However, in general, local effects are assumed to occur mainly at the border of nearby surfaces. In this experiment I separated test object and surrounding surfaces both vertically and horizontally in order to minimize simultaneous contrast. As a result, local effects should have been rather small in the present experiment.
Second, the effect of surface collection might reflect an effect of the surface collection on the visual system's estimation of the illuminant. Different surface collections might induce different absolute adjustments to the same illuminant. Indeed, from computational models of color constancy it is well known that the estimation of the illuminant can strongly depend on the surface collection. 3 2 3 4 This holds particularly if the number of surfaces in an image is only moderate or if the surfaces span only a rather small gamut. This suggestion is not in contradiction to the illuminant change linearity finding reported in Subsection 4.B. Illuminant change linearity highly restricts the visual system's adjustments to illuminant changes. However, it is completely silent on the system's absolute adjustments to illuminants and therefore permits different absolute adjustments to the same illuminant in different images.
C. Measuring Color Appearance
Measuring the achromatic locus on an isoluminant plane generally provides only a two-dimensional measurement of color appearance. Under the conditions met in the present experiment these measurements were implicitly regarded as full, three-dimensional measurements of color appearance. Indeed, there is good empirical evidence that the lightness of an object is maintained under chromatic changes in the viewing context if object and context are equiluminant. 7 ' 3 5 These conditions are fairly well met in the present experiment. In this sense the achromatic loci measured under the different viewing contexts constituted asymmetric color matches between a specified achromatic standard object under a standard context and matching achromatic test objects under test contexts. 36 In fact, the two subjects did not report any major failures of this assumption; the test objects appeared approximately equiluminant to them across varying contexts. Conjectures against this assumption should have led to deterioration in the fit of the models.
D. From Achromatic Objects to Chromatic Objects
The question arises of how the reported results for the achromatic object might generalize to other, chromatic test objects. If illuminant changes linearly changed the relative sensitivity of the different cone classes' 7 ' 5 7 or some other putative postreceptoral mechanisms, 3 7 3 8 the mapping of matching standard and test objects could be described by a diagonal linear transformation. As a result, knowing the matching test object for only one standard object would be sufficient to fix the whole mapping for a given illuminant change. Knowing how illuminant changes affect the color appearance of the achromatic object would then be equivalent to knowing how any test object is affected by these illuminant changes. In this case the results reported in the present study for the achromatic object could be generalized to other chromatic objects. On the other hand, if more general models than the diagonal linear model were necessary to account for illuminant changes, 5 6 6 3940 such a generalization would be at least premature.
CONCLUSIONS
The present experiment reveals an effect of changes in illuminant and of changes in the surface collection on the color appearance of an achromatic object. The effect of illuminant changes could be well approximated by a linear transformation that mapped changes in illuminants into changes in the achromatic objects. This mapping was 'All seven illuminants stem from the CIE daylight locus. They were constructed from a three-dimensional linear model of natural daylight (see Section 2). This table gives the illuminant weights for the three basis functions, the corresponding CIE xy coordinates, and the luminance (Di = daylight number i, d = weight for basis function k + 1, x = x chromaticity, y = y chromaticity, L = luminance). 'All the experimental reflectance functions can be expressed by a threedimensional linear model (see Section 2). This table gives for each surface collection's mean reflectance function the weights for the three basis functions. Also, the CIE xy coordinates of these mean reflectance functions are given when they are rendered under spectrally flat illumination. (Rj = mean reflectance function of surface collection number j, r = weight for basis function k, x = x chromaticity, y = y chromaticity.) only moderately affected by a given surface collection. To first approximation, this finding suggests that the effect of changes in the illuminant on color appearance can be described linearly and that it can be separated from the surface collection.
I did not find any regularity to account for the effect of changes in surface collection on an object's color appearance. Instead, the main result of the present study is a negative one. The mean reflectance function cannot account for changes in color appearance that are induced by changes in the surface collection. This result challenges models of color appearance that use simple mean assumptions to account for changes in the surface collection, both within the theoretical framework of image intensities confounding illuminant and surface collection and within a theoretical framework in which the image intensities are separated into illuminant and surface collection.
APPENDIX A This appendix consists of two tables. They specify the experimental stimuli. Table 2 specifies each of the seven simulated illuminants. Table 3 specifies the mean reflectance function of each of the 12 simulated surface collections.
